We demonstrate a nondestructive probing technique to investigate the inner crystal domain structure of ferroelectric crystals by analyzing the terahertz wave forms generated by optical rectification. Quantitative analysis of the domain structure has been performed for the domain width in periodically poled lithium niobate. Simulation results show that the terahertz wave form analysis reproduces root-mean-square domain width fluctuations.
We demonstrate a nondestructive probing technique to investigate the inner crystal domain structure of ferroelectric crystals by analyzing the terahertz wave forms generated by optical rectification. Quantitative analysis of the domain structure has been performed for the domain width in periodically poled lithium niobate. Simulation results show that the terahertz wave form analysis reproduces root-mean-square domain width fluctuations. © 2000 American Institute of Physics.
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Ferroelectric crystals have been studied and used for many applications including integrated optics, acoustic wave devices, pyroelectric detectors, actuators, and quasiphasematching crystals. These materials consist of domains of uniform polarization below their critical temperature, which are separated by domain walls. Since the domain structure of the materials affects the physical properties of the crystals in many aspects, it is important to understand the patterns of the domain structure. Numerous methods such as chemical etching, [1] [2] [3] x-ray diffraction imaging, 4,5 second harmonic generation microscopy, [6] [7] [8] scanning force microscopy ͑SFM͒, 9-11 electro-optic imaging microscopy ͑EOIG͒,
12
scanning electron microscopy ͑SEM͒, 13 and near-field scanning optical microscopy ͑NSOM͒ 14, 15 have been used to study ferroelectric domain structures. These techniques have their own merits, but a critical limitation is that they cannot probe the inner crystal domain interface nondestructively. Surface probing techniques like SFM, EOIG, SEM, and NSOM can probe the domain interfaces only on a sample's surface. X-ray diffraction and second harmonic generation acquire two-dimensional images of the domain structure, but these images contain only averaged information of the domain interface along the probe beam direction. One direct method is the observation of differentially etched domains using surface probing tools, although it is unavoidable for the samples to be destroyed.
In this letter, we demonstrate a nondestructive technique for probing the inner crystal domain structure by analyzing terahertz ͑THz͒ wave forms generated by optical rectification in ferroelectric crystals. Due to the recent progress of femtosecond lasers, coherent light sources in previously unavailable frequency ranges can be attained through optical nonlinearity of electro-optic and optically nonlinear crystals. Periodic domain structures of ferroelectric materials have been used for second harmonic generation and optical parametric oscillation based on the quasiphasematching technique. Lithium niobate is a widely used ferroelectric material because of its large nonlinear optical coefficient. Typically, periodic domain structures are obtained by applying an electric field to a patterned electrode. 16 Neighboring domains are isolated from the electrodes by a dielectric layer. However, due to the strong coercive electric fields and field leakage out of the electrodes, each domain suffers width fluctuations. 2, 16 Our recent work 17, 18 shows that narrow-band THz electromagnetic radiation is generated by optical rectification in a periodically poled lithium niobate ͑PPLN͒ crystal and that the THz wave form corresponds to the domain structure of the PPLN. Femtosecond optical pulses are propagated through a PPLN crystal, where the domain width is matched to the walkoff length between the optical and THz pulses. Thus, the PPLN domain structure can be directly mapped by the THz wave form. Irregular THz wave forms due to aperiodic poling can also be easily attained using this technique. Sections of the THz wave form measured at different time delays are generated at different locations in the PPLN crystal. The resulting THz wave form maps out the inner crystal domain structure. This THz imaging technique can be applied to map the three dimensional domain structure of ferroelectric crystals.
The experiment was performed using 800 nm, 150 fs pulses from a 250 kHz Ti:sapphire regenerative amplifier, 19 and an Lϭ1.2 mm z-cut PPLN crystal with domain length l d ϭ30 m. The sample's height and width are 0.5 and 6.5 mm, respectively. The incident optical pulse energy was 40 nJ, focused to a roughly 100 m spot in the crystal. The radiated THz was collimated with an off-axis parabola and focused into a 1-mm-thick ZnTe crystal for electro-optic detection of the THz field. 20 The excitation beam was chopped at 50 kHz for lock-in signal detection. The sample was set in a cryostat which kept the temperature below 20 K to reduce thermal absorption of the THz waves inside the material. It has been reported that the THz absorption can be substantially suppressed at low temperature. 21 The suppression of the THz absorption is shown in Fig. 1 , where the THz wave forms at ͑a͒ Tϭ19 K and ͑b͒ 298 K are demonstrated. Each half cycle of the wave form corresponds to a single ferroelectric domain and the THz wave form at low temperature shows clearly every domain in the PPLN.
a͒ Author to whom correspondence should be addressed; electronic mail: yunslee@eecs.umich.edu APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 16 Figure 2͑a͒ shows an optical image of the electrode pattern of the PPLN, magnified to exaggerate the domain lengths. The x and z axes are as shown in Fig. 2͑a͒ . The optic axis of the sample coincides with the z axis. It is clearly seen that the sample is wedged and the sample surfaces are not perpendicular to the domain interfaces. To probe the entire domain structure of the PPLN, we scan the PPLN sample along the x axis with respect to the fixed excitation beam. The optical excitation beam is vertically positioned in the middle of the sample (yϭ0.25 mm). The THz wave form image of the PPLN domain structure is shown in Fig. 2͑b͒ . Fifteen data points are taken along the x axis; values between the data points are interpolated. In the narrower region of the crystal, the effective optical beam path is shorter, thus the THz waves arrive earlier than in the wider region. The slanted domain interfaces to the sample surfaces are also well reproduced in the THz wave form image. A threedimensional image of the domain structure can be obtained by scanning the sample in the x-y plane.
In order to analyze the domain width fluctuation quantitatively, we interpolate the zero crossing positions of the THz wave forms using the least-squares method. We calculate the interval between zero crossing positions, and transform the interval to a domain width. The accuracy of the zero crossing method is tested using a numerical calculation of the THz wave form generated in the PPLN structure including domain width fluctuations. The fluctuation of the domain width obtained from zero crossing positions at x ϭ0.5 mm is shown as the solid curve in Fig. 3͑a͒ , and the corresponding wave form is shown in Fig. 3͑b͒ . The average domain width is 30 m, with a standard deviation of 0.86 m. It has been reported that the width of the inverted domain is larger than that of the noninverted domain in spite of the strictly regulated electrode pattern, 22-24 but we did not observe this phenomenon. The difference between the average length of the inverted and noninverted domain is 0.06 m, which is substantially smaller than the standard deviation of the domain width fluctuation ͑0.86 m͒. To test how accurately the THz wave forms can reconstruct the domain structure of the PPLN, we convert the interval of zerocrossing positions into a domain structure with fluctuations. This domain structure is then inserted into a simulation code which solves the wave equation for the THz field inside the PPLN crystal. 17 From the zero crossings of the simulated field, we extract a domain structure of the simulated crystal, for self-consistent comparison with our experimental measurements. The simulated wave form is shown in Fig. 3͑c͒ , and the domain width fluctuation obtained from the wave form is the dotted curve in Fig. 3͑a͒ . As seen in Fig. 3͑a͒ , while the detailed correspondence between simulation and experiment is not perfect, the general features of the fluctuations are reproduced very well by the simulation. The stan- dard deviation of the simulation's result is 0.87 m, which is in excellent agreement with the experimental result ͑0.86 m͒. Our results indicate that this simulation includes the major features necessary to model THz generation in periodic crystals at low temperature. Further simulation tells us that the zero-crossing method is not appropriate for the quantitative analysis of domain fluctuation when it is more than 5%, although it can still show the qualitative structure variation. In order to do quantitative mapping of irregular structures, deconvolution of the THz wave form must be performed. Since the THz wave form of the simulation is the solution of linear wave equation, 17 the deconvolution should be straightforward. Figure 4 shows the domain width fluctuations obtained by zero-crossing positions of THz wave forms at various sample positions. The signal noise is about 0.1% of the signal amplitude, which is negligible compared to the width fluctuation ͑3% of the domain width͒.
We demonstrate that the inner crystal domain structures of the PPLN can be probed nondestructively by analyzing the THz wave forms generated by optical rectification. Simulation results show that the terahertz wave form analysis can reproduce the domain width fluctuation very well. 
